Prior studies have established an association between sleep problems during early adolescence and heavy alcohol use/alcohol use disorder (AUD) risk in late adolescence. Less research has explored the association between sleep problems and heavy alcohol use during young adulthood, the period when AUD onset peaks. Moreover, research to date has primarily utilized cross-sectional, between-subjects' methods to examine this relationship, with limited focus on the potential intraindividual variation in these behaviors. Multilevel modeling techniques are well-suited to examine the variability in sleep problems and risky alcohol use over time and the dynamic bidirectional relations among these behaviors. This article reports on 42 heavy-drinking college students at-risk for an AUD based on their responses to a validated alcohol screener who completed daily diaries of sleep and alcohol use and wore a sleep-wake activity monitor (i.e., Philips Respironics Actiwatch 2™) daily for 7 days yielding a total of 294 reports. Hierarchical linear models demonstrated that days of heavy drinking predicted delayed bed and wake times within individuals and those individuals who tended to drink more heavily on average had shorter sleep durations. Conversely, days of shorter sleep duration, earlier wake times, and greater perceived sleep quality upon waking predicted greater alcohol use within individuals, and those who tended to feel more alert upon waking drank more on average. These results highlight important within-and between-person variability in the associations among objective and subjective sleep-related problems and at-risk drinking among young adults. Further, the results have implications for alcohol prevention/intervention strategies for young adults at risk for AUDs.
Alcohol use disorder (AUD) onset peaks during young adulthood (i.e., ages 18 -25; Falk, Yi, & Hiller-Sturmhofel, 2008) . Young adults report frequent and heavy alcohol consumption (NIAAA, 2000) that is linked to substantial negative consequences, including risk of alcohol-related motor vehicle fatalities (Hingson, Zha, & Weitzman, 2009; Park, 2004; Singleton Jr. & Wolfson, 2009; Wechsler, Davenport, Dowdall, Moeykens, & Castillo, 1994) . College students are a young adult subpopulation who are at increased risk of heavy drinking. Nearly half of college students report current heavy drinking (i.e., five or more drinks on at least one occasion in the last month), a rate which is higher than that of their noncollege-attending peers (SAMHSA, 2010) . Moreover, approximately 20% of college students meet criteria for AUDs (Blanco et al., 2008) . Following college graduation, many college students "mature out" of heavy drinking, but a substantial number persist in their heavy drinking 7 years postgraduation and remain at increased risk for developing a chronic AUD (Jackson, Sher, Gotham, & Wood, 2001) . Building better alcohol prevention and intervention strategies tailored for this population will require a more complete understanding of how specific AUD risk factors uniquely operate during this developmental period.
One important, understudied risk factor in young adults is sleep. Data on young adults' sleep is based largely on college student samples (Steptoe, Peacey, & Wardle, 2006) . Many college students maintain highly variable sleep schedules with typically shorter nocturnal sleep times during the week followed by longer sleep times over the weekend to make up for lost sleep (Lund, Reider, Whiting, & Prichard, 2010 ). An estimated 70% report poor sleep quality and/or insufficient sleep, which can cause excessive daytime sleepiness and consequently, increase risk of motor vehicle accidents and other negative health outcomes (Lund et al., 2010; Pagel, 2009 ). The college environment and/or college students' ability to set their own schedules likely contribute to some of these sleep-related risks. For example, many college students report prioritizing academic and/or social obligations over sleep (Fucito et al., 2015) .
Developmental factors may also play a role. The regulation of the sleep/wake cycle undergoes significant changes across adolescence. The combination of a delay in circadian timing and slower accumulation of homeostatic sleep pressure across the waking day make biological contributions to the delay of bed and wake times observed across adolescence (Carskadon, Acebo, & Jenni, 2004; Colrain & Baker, 2011; Crowley, Acebo, & Carskadon, 2007; Randler, 2008; Roenneberg et al., 2004) . These delays in sleep timing often conflict with school demands and social/cultural obligations (Carskadon et al., 2004; Colrain & Baker, 2011) . To cope with these conflicts, adolescents may maintain shorter, more variable sleep schedules putting them at risk for sleep problems, excessive daytime sleepiness, and other negative consequences (Carskadon et al., 2004; Colrain & Baker, 2011) . During late adolescence and young adulthood, the need for sleep declines but may still conflict with the schedules imposed by secondary education (Carskadon et al., 2004; Colrain & Baker, 2011) . Regardless of the cause, poor, insufficient sleep has negative neurocognitive effects and other health consequences (Colrain & Baker, 2011; Durmer & Dinges, 2005 ) that may increase young adults' alcohol consumption and risk of harm from drinking (Miller, DiBello, Lust, Carey, & Carey, 2016; Miller, Van Reen, et al., 2017; Taylor & Bramoweth, 2010) .
Sleep Problems are Associated With Heavy Alcohol Use
Evidence from several studies suggest that sleep problems are related to alcohol risks among adolescents and young adults. For instance, a range of sleep problems during early adolescence (i.e., insufficient sleep duration, insomnia, poor sleep quality, hypersomnia, greater variability in day-to-day bed and wake times) are associated with earlier alcohol use onset and greater risk of heavy alcohol use/AUDs in late adolescence (Hasler, Kirisci, & Clark, 2016; Hasler, Martin, Wood, Rosario, & Clark, 2014; Miller, Janssen, & Jackson, 2017; Wong, Brower, Fitzgerald, & Zucker, 2004; Wong, Brower, Nigg, & Zucker, 2010; Wong, Brower, & Zucker, 2009; Wong, Robertson, & Dyson, 2015) . Likewise, data from studies among late adolescents/young adults indicate that poor sleep is related to increased risk of harm from drinking. For example, in a study of 261 college students, heavy-drinking students who reported poor sleep quality experienced significantly more alcohol-related consequences (i.e., a clinical diagnostic symptom) than their heavy-drinking counterparts who reported good sleep quality (Kenney, LaBrie, Hummer, & Pham, 2012) . These results were replicated in a follow-up study of college students (N ϭ 568) who were mandated by their university to participate in an alcohol education program (Miller et al., 2016) . Specifically, college students who perceived their sleep to be inadequate were more likely to experience consequences from heavy alcohol use (e.g., blackouts) than students who reported adequate sleep and this association was significant over 5 months of follow-up assessment.
Laboratory research also provides some support for the hypothesis that sleep problems are related to alcohol risks. In a series of alcohol administration experiments that included young adults and older participants, shortened nocturnal sleep (i.e., 5 hr) increased participants' level of sleepiness the next day, and this increased sleepiness was associated with an increase in the sedating and performance-impairing effects of alcohol compared to a typical nocturnal sleep of 8 hr (Roehrs & Roth, 2001) . Importantly, these differential effects were observed despite equivalent blood alcohol levels (Roehrs & Roth, 2001) . Similar findings were observed in an alcohol choice study. Participants, between the ages of 21 and 35, were given the opportunity to choose between one of three previously sampled beverages: an alcoholic drink and two nonalcoholic drinks. Participants who reported being sleepier at baseline and who experienced alcohol as more invigorating drank more compared with those who reported being more alert at baseline and who experienced alcohol as more sedating (de Wit, Uhlenhuth, Pierri, & Johanson, 1987) . Thus, sleep problems may increase young adults' motivation to drink and/or their subjective response to alcohol.
Heavy Alcohol Use is Associated With Sleep Problems
There is also evidence that heavy alcohol use is associated with sleep problems in adolescents and young adults. For instance, studies of early adolescents with AUDs showed greater concurrent rates of sleep problems compared to adolescents without AUDs (Arria, Dohey, Mezzich, Bukstein, & Van Thiel, 1995; Clark, Lynch, Donovan, & Block, 2001 ) and late adolescents/young adults who drink heavily have more delayed bed and wake times This document is copyrighted by the American Psychological Association or one of its allied publishers.
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compared with their peers who drink less (Van Reen et al., 2016) .
In alcohol administration studies with young adults, several consistent findings in regards to sleep macroarchitecture have emerged with alcohol ranging from 0.49 g/kg to 1 g/kg and administration times ranging from 30 min to 4 hr before bedtime. In general, findings include decreased latency to sleep onset (SOL), increased slow wave sleep (SWS), decreased REM sleep, and increased waking in the second half of the night (Chan, Trinder, Andrewes, Colrain, & Nicholas, 2013; Dijk, Brunner, Aeschbach, Tobler, & Borbely, 1992; MacLean & Cairns, 1982; Rundell, Lester, Griffiths, & Williams, 1972; Van Reen, Jenni, & Carskadon, 2006; Van Reen, Tarokh, Rupp, Seifer, & Carskadon, 2011; Williams, MacLean, & Cairns, 1983) . In addition, studies examining the effects of alcohol on the microarchitecture of sleep have been few, but most show an initial increase in sleep EEG delta activity (ϳ.25-4 Hz; Chan, Trinder, Colrain, & Nicholas, 2015; Dijk et al., 1992; Van Reen et al., 2006) and some show simultaneous increase in alpha activity (ϳ8-12Hz; Chan et al., 2015; Van Reen et al., 2006) . These latter findings may point to alcohol potentially having both an electrophysiologically arousing and sleep promoting effect simultaneously. The effects of heavy drinking on young adults' sleep observed in the laboratory under controlled conditions may not, however, generalize to the typical settings where young adults drink (Mitchell, 2012) . To address this limitation and enhance the ecological validity of results, a few studies have conducted repeated, realtime assessments of sleep and alcohol consumption in students' natural environments. In three studies, college students (Galambos, Dalton, & Maggs, 2009; Patrick, Griffin, Huntley, & Maggs, 2016) and adults (between the ages of 19 and 89 years; Lydon et al., 2016) completed daily web-based diaries of sleep and alcohol use for a period ranging from 2 to 8 weeks. Individuals slept less and/or had poorer sleep quality on drinking days compared with days when they did not drink. Students also reported greater next-day sleepiness on days when they drank heavily compared with days that they did not report heavy drinking (Patrick et al., 2016) . These studies, however, were limited to participants' subjective assessment of sleep.
Only one experience sampling study of young adults (ages 20 to 25 years) utilized an objective measurement of sleep (Geoghegan, O'Donovan, & Lawlor, 2012) . College students (N ϭ 33) underwent a 7-day assessment period in which they wore a validated sleep-wake activity monitor (i.e., actigraphy) on their wrist every day and completed daily alcohol and sleep paper-based diaries. Participants were instructed to abstain from alcohol use on some nights of the study period and to consume alcohol on other nights to allow for an evaluation of sleep with and without alcohol exposure. Students reported decreased sleep onset latency and sleep duration and greater tiredness upon waking after alcohol consumption compared to days of no alcohol consumption.
Bidirectional Association Between Sleep Problems and
Heavy Alcohol Use?
Despite these known and documented associations between sleep and alcohol, the specific directionality of the relationship is unclear. However, a bidirectional, reciprocal relationship is likely, in which the two constructs interact with and influence each other. The limitations of previous research, including an overreliance on cross-sectional study designs, highlight the need for additional research on the nature of this relationship. Most studies have focused on the between-person level of analysis and indicate that, at a group level, young adults who drink more tend to have poor sleep and those with poor sleep tend to be at greater risk of harm from drinking. These findings do not clarify whether a young adult is more likely to drink when he or she experiences poor sleep and/or sleep poorly when he or she consumes more alcohol (i.e., within-person level of analysis). Examining both the between-person and withinperson effects is critical to inform our understanding of the true nature of the sleep-alcohol association in young adults, who are at the lifetime peak of AUD risk. The few within-person analyses that have been conducted have limitations including reliance on subjective ratings of sleep, inclusion of older adults, not testing clinical samples of young adults who drink heavily and/or are at increased risk for an AUD, and only focusing on how alcohol use may directly affect sleep not the reciprocal effect of sleep on drinking. There is a compelling need for more longitudinal, within-person studies with daily assessments of sleep and alcohol use among at-risk young adult drinkers.
To address these limitations and further advance the field, this study investigated the extent to which daily variations in objective and subjective sleep assessments predict subsequent drinking and also the extent to which daily variations in alcohol consumption predict subsequent sleep characteristics. College students (ages 18 to 22) who reported at least one occasion of heavy alcohol use in the previous month and scored positive for at-risk drinking on a validated AUD screener were invited to participate. Participants reported sleep and alcohol use every day for 1 week and wore a validated wrist-worn device each day that continuously estimated sleep-wake activity. This design allowed for an estimation of reciprocal temporal associations, whereby subjective and objective fluctuations in sleep preceded drinking behavior and fluctuations in drinking behavior preceded sleep.
Method Study Objectives and Design
The current study is a secondary analysis of baseline data from a randomized pilot clinical trial that compared the efficacy of two 4-week web-based sleep interventions for sleep, alcohol use, and alcohol-related consequences in heavy-drinking college students (Fucito et al., 2017) . At baseline, prior to completing any portion of the web-based interventions, participants monitored their sleep and alcohol use daily for 1 week using web-based diaries and a wrist-worn sleep-wake activity monitor (i.e., Philips Respironics Actiwatch 2™). Within-person variations in sleep and alcohol use using the daily diary and actigraphy data from this baseline week of behavior monitoring across both interventions were analyzed for this report. Prior to participation, written informed consent was obtained from all participants using a form approved by the Yale University Institutional Review Board (#1409014698).
Participants
A total of 49 individuals who completed web-based prescreening and met initial screening criteria were invited for an in-person This document is copyrighted by the American Psychological Association or one of its allied publishers.
intake appointment. Of these individuals, one chose not to enroll, four were excluded for not meeting final eligibility criteria, and two were excluded for not adequately complying with baseline sleep-monitoring activities (see (Fucito et al., 2017 for the Consort Diagram). The final 42 enrolled participants were college students who reported concerns about their sleep and at least one occasion of heavy drinking in the past month and scored above a clinical cutoff on a validated alcohol use disorder screener (see eligibility details below; n ϭ 22 [52%] men, n ϭ 20 [48%] women). The sample size of 42 was determined to be sufficient to evaluate the feasibility, acceptability, and preliminary efficacy of a sleep intervention in this heavy-drinking college student population, consistent with the sample size of other pilot sleep intervention studies for adolescents/young adults (e.g., (Clarke et al., 2015; Gellis, Arigo, & Elliott, 2013; Taylor et al., 2014) . The data presented for this article represent daily diary assessments and sleep actigraphy data for a total of 294 reports. A sample size of 42 and a total number of ϳ300 reports for this type of analysis is comparable with many published studies using daily actigraphy data and/or daily diaries of alcohol use among adolescents/young adults (e.g., Geoghegan et al., 2012; Gerber et al., 2014; Medina, Ebben, Milrad, Atkinson, & Krieger, 2015; Pearson, D'Lima, & Kelley, 2013; Witkowski et al., 2015) .
Procedures
Participants were recruited between February 2015 and November 2015 from local colleges in New England primarily through advertisements on Facebook, flyers posted around campuses, and announcements e-mailed to college administrators/faculty. Advertisements targeted college students with sleep problems and stated that the purpose of the study was to test a new sleep intervention. Interested volunteers who clicked on web-based advertisements or contacted study staff were directed to the study web site to complete a web-based prescreener that took approximately 5 min. Individuals who met initial eligibility were then invited to complete an in-person intake appointment (approximately 45 to 60 min) to verify final eligibility and assess demographic information and sleep and drinking characteristics.
Measures used to assess eligibility are described in detail below. To be eligible for the study, participants had to report: (a) sleep concerns (dichotomous: yes/no); (b) at least one heavy drinking occasion (i.e., Ն5 drinks on one occasion for men; Ն4 for women) in the past month; (c) risk of harm from drinking based on a validated alcohol use disorder screener; and (d) current enrollment as an undergraduate student. Final eligibility required demonstrating adequate adherence to baseline daily behavior monitoring (see Measures section below for more adherence information).
Eligible participants were then assigned to 1 week of sleep monitoring that entailed completing daily web-based sleep diaries and wearing a validated sleep-wake activity monitor (i.e., Philips Respironics Actiwatch 2™). To encourage adherence with sleepmonitoring activities, participants received daily reminder emails. Participants were also informed that they would receive $2 for completing each diary (total ϭ $14), a $10 bonus for completing the full week of diaries, and $15 for returning the Actiwatch™.
Participants returned for an in-person visit at the end of the 1-week baseline monitoring period (i.e., Week 1) to complete in-person assessments and return their Actiwatch™. If adherent with the baseline monitoring period (e.g., completed at least 75% of the diaries), participants were randomly assigned to the intervention phase of the study. Only two individuals were not adherent to this baseline monitoring period.
Measures
Baseline. Interested participants completed a computer-based prescreening to provide an initial assessment of eligibility. All questionnaires were computer-based. For the web-based prescreener, potential participants indicated whether they had any concerns about their sleep using a dichotomous variable (1 ϭ yes, 0 ϭ no).
Alcohol Use Disorders Identification Test (AUDIT). The AUDIT is a brief, standardized screener for hazardous drinking and alcohol use disorders (Bush, Kivlahan, McDonell, Fihn, & Bradley, 1998) . Scores on the AUDIT consumption subscale (AUDIT-C) of Ն7 and Ն5 for men and women, respectively, have been identified as optimal clinical cut-off scores for identifying at-risk drinking among college students (DeMartini & Carey, 2012) . These cut-offs were used to determine eligibility.
Daily Drinking Questionnaire (DDQ). The DDQ assessed alcohol use during the 30 days prior to baseline to verify eligibility (i.e., at least 1 occasion of heavy drinking in the last 30 days; Collins, Parks, & Marlatt, 1985) . This valid, reliable calendar method of assessment uses a 7-day grid to assess typical week drinking and heaviest week drinking based on the following standard drink definition: 12 oz. beer, 5 oz. wine, or 1.5 oz. hard liquor (straight or in a mixed drink), all equivalent to approximately 0.6 oz. or 14 g of pure alcohol (NIAAA, 2010) .
Pittsburgh Sleep Quality Index (PSQI; Buysse, Reynolds, Monk, Berman, & Kupfer, 1989). The PSQI, a 19-item measure, was used to assess total self-reported sleep disturbance at baseline using the global PSQI score. The PSQI is a reliable, valid tool for detecting "good" versus "poor" sleepers. Suggested clinical cutoff scores for the total PSQI include Ն5 and Ն7 with higher scores indicating poorer self-reported sleep (Buysse et al., 1989) .
Daily self-report measures. The Pittsburgh Sleep Diary (PSD) is a well-validated assessment of daytime sleep-related behaviors (e.g., naps, caffeine use, number of alcoholic drinks consumed), nocturnal sleep characteristics (e.g., bed time, wake time), and subjective ratings of alertness and sleep quality upon waking (scores ranged from 1 to 7 with higher scores indicating better sleep quality and greater alertness; Monk et al., 1994) . Participants were instructed to complete daily web-based diaries in the mornings to track their daytime sleep-related behaviors, nocturnal sleep characteristics, and total alcohol use during the preceding day during the baseline week. Participants were informed at the intake appointment that they needed to demonstrate adequate diary adherence (i.e., completing at least 75% of the time) to be randomized for the intervention portion of the study. The PSD was completed daily during the baseline week. The following diary outcomes were evaluated: (a) number of drinks consumed, (b) perceived sleep quality upon waking, and (d) perceived alertness upon waking.
Daily objective measures. To provide a more objective measure of quantitative sleep characteristics, participants wore Philips Respironics Actiwatch 2™ actigraphy devices, wrist-worn accelerometers that estimate sleep-wake activity. Participants were inThis document is copyrighted by the American Psychological Association or one of its allied publishers.
structed to wear these devices continuously (except while bathing and swimming) on their nondominant wrist during the baseline week. They were instructed to press a button on the device to mark when ready to initiate sleep after getting into bed and to press this button immediately upon waking to mark the end of the sleep episode. Participants were also asked to record all the times when they removed the device in the web-based diary. At the in-person intake, the research assistant demonstrated how to wear the Actiwatch™ and how to depress the event marker button. Actigraphy is a valid, reliable methodology to objectively estimate sleep based on measuring activity and inactivity (Littner et al., 2003) . Actigraphy is sensitive to changes over time and interventions (Littner et al., 2003) . Actigraphy data were collected in 15-s epochs, a high sensitivity setting (Kushida et al., 2001 ). Participants were informed at the intake appointment that they needed to demonstrate adequate actigraphy adherence (i.e., wearing the device for at least 75% of the time) to be randomized for the intervention portion of the study.
Actigraphy data was scored using the Philips Respironics Actiwatch 2™ scoring software. The event markers were used to identify the major sleep periods. If the event marker was not used, the actigraphy data in conjunction with diary reports of lights out and lights on times were used to determine the sleep period. To optimize scoring accuracy, two study authors (TH and LF) compared the sleep actigraphy scoring output against sleep diary data, including participants' records of ever having removed the devices. Off-wrist periods were manually set to missing by the authors. Any periods of daytime inactivity that the device scored as sleep but conflicted with participants' diary data were also corrected. This correction was only applied for a few participants.
The following objective sleep outcomes were derived: (a) bed time (time of initiating sleep); (b) wake time (final rise time); (c) sleep duration (total time between sleep initiation and waking); and (d) and number of minutes awake after sleep onset.
Data Analysis Plan
A series of multilevel models were tested using Hierarchical Linear Modeling (HLM) software. Daily reports during the baseline pretreatment week comprised level-1 variables (N ϭ 294 reports) nested within person at level-2 (N ϭ 42 individuals). Of the 42 participants, 40 had complete diary data and 39 had complete actigraphy data. Models were run using all available data and missing data were handled using full information maximum likelihood estimation. All models were set with a random intercept and random effects for predictors of interest (sleep and alcohol use variables) to allow regression coefficients to vary across individuals. Models were run using a zero-order auto-regressive AR(0) structure as this covariance structure places the fewest restrictions on the models and allows the variances and covariances to be freely estimated from the data. Results are presented from population-average models with robust standard errors. All models included a contrast indicator of weekend ϭ 1 (Thursday, Friday, Saturday) versus weekday ϭ 0 (Sunday-Wednesday) at level-1 to examine weekly drinking and sleep trends in line with evidence for marked differences between weekday and weekend sleep and drinking behaviors in adolescent/young adult literature (Colrain & Baker, 2011; Lund et al., 2010; Singleton Jr. & Wolfson, 2009 ). All models also included gender (male ϭ 1, female ϭ 0) as a level-2 covariate. Effect sizes were calculated for all models as the proportional reduction of prediction error, or the percentage of within-person and between-person variance explained compared to a null (intercept-only) model. This value approximates an R 2 statistic in a multiple linear regression analysis (Snijders & Bosker, 1994) , and can be interpreted as Ͻ9% to be considered small, 9%-25% moderate, and Ͼ25% large effect sizes (Neter, Kutner, Nachtsheim, & Wasserman, 1996) .
Temporal Models of Alcohol Use Predicting Sleep
The first set of models examined alcohol use (number of drinks) as a predictor of sleep outcomes (bed time, wake time, sleep duration, number of minutes awake, perceived sleep quality upon waking, and perceived alertness upon waking). All sleep outcomes were normally distributed; models specified a normal distribution for these outcomes. Number of drinks was centered on personspecific means prior to entry in the model, and person-specific means were entered at level-2 to separate the within-and betweenperson effects. Specifically, within-person effects indicated the extent to which greater drinking than usual on a given day predicted sleep outcomes, while between-person effects indicated how individuals' average number of drinks across time predicted sleep outcomes.
As a secondary analysis, we also evaluated within-and betweenperson effects of heavy alcohol use (i.e., defined as a binary variable (yes/no): Ն5 drinks on a given day for men; Ն4 for women) on sleep outcomes.
Temporal Models of Sleep Predicting Alcohol Use
Next, models examined all sleep indices (bed time, wake time, sleep duration, number of minutes awake, perceived sleep quality on waking, and perceived alertness upon waking) as predictors of alcohol use (total number of drinks). Models specified a Poisson distribution with overdispersion to model the count distribution of the drinking outcome and controlled for any drinking the previous day. Sleep characteristics were centered on person-specific means prior to entry in the model, and person-specific means were entered at level-2 to separate the within and between-person effects. For example, within-person effects indicated the extent to which a later bedtime than usual on a given day predicted alcohol use, while between-person effects indicated how individuals' average bedtime across time predicted alcohol use, controlling for alcohol use the previous day.
As a secondary analysis, we also evaluated within-and betweenperson effects of sleep indices on heavy alcohol use (i.e., defined as a binary variable (yes/no): Ն5 drinks on a given day for men; Ն4 for women). These models specified a Bernoulli distribution for the binary outcome.
Results

Descriptive Analyses
Participants had a mean age of 20.52 years (SD ϭ 1.31). Participants selected one or more of the following categories to describe their racial/ethnic background: White/Caucasian (n ϭ 29; 69%), African American (n ϭ 2; 5%), Asian (n ϭ 8; 19%), This document is copyrighted by the American Psychological Association or one of its allied publishers.
Multiracial (n ϭ 2; 5%), Other (n ϭ 1; 2%), Hispanic/Latino (n ϭ 8; 19%). On average, participants reported consuming a total of 18.79 (SD ϭ 13.56) drinks in a typical drinking week and a total of 27.81 (SD ϭ 22.19) drinks in a heaviest drinking week, both of which substantially exceed weekly guidelines for moderate drinking (i.e., Յ14 drinks for men; Յ7 for women; NIAAA, 2000). Likewise, participants scored on average 11.81 (SD ϭ 2.35) on the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) , which is above the clinical cutoff for this self-report measure of sleep disturbance. At baseline, both greater drinks in a typical week and greater drinks in a heaviest drinking week were positively correlated with greater sleep disturbance on the PSQI (r ϭ .39, p ϭ .01; r ϭ .36, p ϭ .02). Table 1 shows the descriptive statistics and intercorrelation matrix for daily diary and actigraphy sleep and alcohol variables. Number of drinks was positively correlated with bed and wake times.
Temporal Models of Alcohol Use Predicting Sleep
The first set of models tested number of drinks as a predictor of sleep-related characteristics (i.e., bed time, wake time, sleep duration, number of minutes awake, perceived sleep quality upon waking, perceived alertness upon waking). As shown in Table 2 , the number of drinks consumed on a day was a significant predictor of sleep. Specifically, on days when young adults consumed a greater number of drinks than usual, they had a significantly later bed time that night and a significantly later wake time the next day. Number of drinks did not predict within-person sleep duration, number of minutes awake, or ratings of perceived sleep quality or perceived alertness upon waking.
These objective and subjective sleep outcomes did not differ by gender (ps Ͼ .09), person-level alcohol use (ps Ͼ .18), or weekend versus weekday (ps Ͼ .19) with the exception that young adults who tended to consume more drinks on average had significantly shorter sleep durations and young adults reported poorer sleep quality on average over weekends. As other sleep outcomes were not significantly related to the number of drinks consumed per occasion, these results suggest that aspects of sleep timing in this sample are influenced less by person-level effects (i.e., how much an individual drinks on average) and more by dynamic effects (i.e., if a participant drank more than usual that evening).
Models testing heavy drinking (yes/no) as a predictor of sleep yielded similar results. Heavy drinking was a significant predictor of a later bed time that night (B ϭ 1.07, SE ϭ .34, p ϭ .003), and a later wake time the next day (B ϭ 1.26, SE ϭ .27, p Ͻ .001). Heavy drinking did not predict sleep duration, number of minutes awake, or ratings of perceived sleep quality or alertness upon waking (ps Ͼ .28). Young adults who tended to drink heavily more often had significantly shorter sleep durations (B ϭ Ϫ112.35, SE ϭ 48.79, p ϭ .02).
Temporal Models of Sleep Indices Predicting Alcohol Use
The second set of models tested sleep-related characteristics (bed time, wake time, sleep duration, number of minutes awake, perceived sleep quality on waking, and perceived alertness upon waking) as predictors of alcohol use (number of drinks). As shown in Table 3 , results from these models indicated that sleep characteristics were significant within-person predictors of alcohol use, while controlling for previous day alcohol use. Specifically, when young adults slept for shorter durations than usual the night before, they consumed significantly more drinks the next day. In addition, when young adults had an earlier wake time than usual or perceived their sleep quality to be better upon waking, they consumed a greater number of drinks later that day. Other sleep-related characteristics (i.e., bed time, number of minutes awake, and perceived alertness upon waking) did not predict subsequent alcohol use.
These alcohol use outcomes did not differ by gender (ps Ͼ .42) or person-level sleep characteristics (ps Ͼ .30), with the exceptions that young adults tended to consume more drinks on average after feeling more alert upon waking and on weekends. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
In light of these findings, an additional model was tested that included all significant sleep-related characteristics (i.e., wake time, sleep duration, perceived sleep quality upon waking, perceived alertness on waking) in one model predicting alcohol use (model R 2 ϭ 0.30). Both wake time and perceived sleep quality upon waking remained significant within-person predictors of later alcohol use but the effect of sleep duration was no longer significant (B ϭ Ϫ.001, SE ϭ .001, p ϭ .72). The significant personlevel effect of perceived alertness upon waking was also maintained (B ϭ .30, SE ϭ .10, p ϭ .004). Furthermore, on days when students had an earlier wake time than usual (B ϭ Ϫ.14, SE ϭ .06, p ϭ .03) and reported greater subjective sleep quality on waking (B ϭ .18, SE ϭ .06, p ϭ .003), they consumed more alcohol later that day.
Models testing sleep-related characteristics as predictors of the binary outcome of heavy drinking (yes/no) yielded no significant level-1 or level-2 effects. Although a similar pattern of findings was observed, such that sleep duration (B ϭ Ϫ.001, SE ϭ .002, p ϭ .50) and wake time (B ϭ Ϫ.16, SE ϭ .10, p ϭ .12) were negatively related to the likelihood of heavy drinking and sleep quality was positively related to the likelihood of heavy drinking (B ϭ .06, SE ϭ .09, p ϭ .52), these effects were not significant, likely due to the reduced power to detect an effect with a binary outcome.
Discussion
This is the first study to investigate both between-and withinperson variations in objective and subjective sleep-related characteristics and alcohol use/heavy alcohol use in a sample of heavydrinking young adults at-risk for an AUD. Our results showed significant temporal associations between alcohol use/heavy alcohol use and sleep-related characteristics both between-and withinindividuals. For models predicting sleep outcomes, young adults in the sample who drank heavily on average had significantly shorter sleep durations. At the within-person level, young adults' bed and wake times were significantly delayed on nights when they drank heavily. For models predicting drinking outcomes, young adults in the sample who tended to report feeling more alert upon waking consumed significantly more drinks. At the within-person level, young adults also consumed more drinks after sleeping for shorter durations, waking earlier than usual, or perceiving their subjective sleep quality to be better upon waking. When all of these variables were tested simultaneously, both waking earlier than usual and perceiving sleep quality to be better upon waking were significant predictors of consuming more drinks. Models predicting the likelihood of heavy drinking showed the same pattern of findings but results were not significant.
Given the observational nature of the current study, the specific mechanisms for the association between heavy alcohol use and delayed/shortened sleep among heavy-drinking young adults at risk for AUDs remain unclear. Young adults' delayed sleep on evenings of heavy alcohol consumption may reflect engagement in late-night social activities that involve alcohol (Fucito et al., 2015) . Alternatively, a shared risk factor may increase the likelihood of both heavy drinking and more delayed sleep timing. Crosssectional research has shown that greater drinking among adolescents and young adults is associated with more delayed bed/rise times and greater "eveningness" (DeMartini & Fucito, 2014; Fucito et al., 2013; Negriff, Dorn, Pabst, & Susman, 2011; O'Brien & Mindell, 2005; Pieters, Van Der Vorst, Burk, Wiers, & Engels, 2010; Saxvig, Pallesen, Wilhelmsen-Langeland, Molde, & Bjorvatn, 2012; Tavernier & Willoughby, 2014) . Another possibility is This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
that heavy alcohol consumption directly delays sleep onset. Consistent with this hypothesis, past studies have shown that alcohol consumption suppresses melatonin (Ekman, Leppaluoto, Huttunen, Aranko, & Vakkuri, 1993; Rojdmark, Wikner, Adner, Andersson, & Wetterberg, 1993; Rupp, Acebo, & Carskadon, 2007) . The secretion of the hormone melatonin represents an optimal, physiological permissive window for sleep to occur (Rupp et al., 2007) ; thus, suppression of melatonin may contribute to the delay in sleep timing observed with consumption of alcohol. Additionally, alcohol administration studies with young adults have shown greater physiological stimulation with alcohol versus placebo at a circadian time associated with increased alertness ("wake maintenance zone;" Van Reen, Rupp, Acebo, Seifer, & Carskadon, 2013) . This increase in physiological alertness may also contribute to the delayed sleep timing among young adults following greater alcohol use. Over time, however, heavy drinking may not only delay sleep but also reduce sleep duration. In our sample, those individuals who reported the heaviest alcohol consumption also reported the shortest average sleep duration. This finding is consistent with studies of older adults with chronic AUDs (Brower, 2001 (Brower, , 2003 . Though college students are often able to adjust for later bed times post drinking by delaying wake times, this compensation strategy may become ineffective with repeated heavy alcohol use which can disrupt and shorten sleep (Brower, 2001 (Brower, , 2003 . There are also different possible explanations for the observed associations among shortened sleep, earlier awakening, greater perceived sleep quality/alertness upon waking and increased alcohol consumption. One potential explanation is that waking earlier than usual may have curtailed the sleep episode; higher perceived sleep quality upon waking may reflect the deeper stage of sleep associated with shorter sleep duration. In a typical evening, individuals alternate between two types of sleep, nonrapid-eyemovement (NREM) and REM sleep, in a cyclical manner (Kryger, Roth, & Dement, 2016) . The proportion of time spent in the deepest stage of sleep, the third stage of NREM sleep, decreases over the sleep episode (Kryger, Roth, & Dement, 2016 ). In contrast, the proportion of time spent in REM sleep, a lighter, more active stage of sleep, becomes increasingly longer toward morning (Kryger, Roth, & Dement, 2016) . Thus, young adults who wake earlier than usual may awaken during a deeper stage of sleep and perceive that they have slept well, even if they have had less overall sleep. Moreover, young adults who wake up feeling more rested and alert even with less sleep may feel more positive in general. Consequently, they may be more inclined to engage in social activities that may involve drinking. Prior research has demonstrated significant between-level associations among positive affect and increased drinking motives and alcohol use in young adults (Mezquita, Stewart, & Ruiperez, 2010; Simons, Gaher, Correia, Hansen, & Christopher, 2005) . Alternatively, feeling more rested and alert despite waking earlier and getting less sleep may indicate a marker of risk (i.e., reduced sensitivity to the impairing effects of sleep loss) rather than a deeper sleep stage at the time of awakening. There are well-established negative neurocognitive effects and other health consequences of insufficient sleep (Colrain & Baker, 2011; Durmer & Dinges, 2005) . When sleep loss is chronic, as in the case of many young adults in our sample, individuals are less able to perceive their level of sleepiness and impairment (Roehrs, Greenwald, & Roth, 2004) making them vulnerable to risky decisions. Prior studies have shown that shortened sleep increases risk taking in young adults (Harrison & Horne, 2000) . Further research is needed to better understand the potential mechanisms by which sleep loss and/or perceptions of sleep quality/adequacy may increase drinking behavior in heavydrinking young adults. This study has several strengths and advances our understanding of the potential bidirectional association between sleep problems and heavy alcohol in heavy-drinking young adults at risk for AUDs. First, the study incorporated both subjective and objective measures of sleep in contrast to prior within-person studies which have relied largely on subjective measures (Galambos et al., 2009; Lydon et al., 2016; Patrick et al., 2016) . Second, the study incorporated an ecologically valid assessment of participants sleep and drinking behaviors as they occur in their natural environment without any drinking instructions as in other research (Geoghegan et al., 2012) . Third, the study recruited a clinical sample of heavydrinking young adults at risk for both AUDs and sleep problems. Prior studies tested nonclinical samples of young adults who either did not report sleep concerns or heavy, at-risk drinking and included nondrinking individuals and/or low frequency drinkers (Galambos et al., 2009; Geoghegan et al., 2012; Lydon et al., 2016) . Last, this is the only within-person study to explore the potential bidirectional associations between sleep and alcohol use in young adults. Prior within-person analyses have focused on only one direction-how alcohol use may directly affect sleep (Galambos et al., 2009; Geoghegan et al., 2012; Lydon et al., 2016; Patrick et al., 2016) .
The findings have important implications. If shortened sleep and delayed bed and wake times directly increase alcohol consumption, the likelihood of heavy drinking, and AUD risk in young adults, sleep prevention/intervention strategies (e.g., behavioral sleep interventions, policies regarding secondary school start times) may be able to reduce this risk. At this early stage of adolescent and young adulthood development, these sleep problems may be more malleable. More research is needed on this potential AUD risk pathway as well as the potential risk benefit of improving sleep in this population.
Potential study limitations should be noted. In this study, we tested a sample of New England college students who reported sleep concerns and heavy drinking and scored above a clinical cutoff on a validated alcohol screener. Thus, the temporal associations observed in this study between sleep and alcohol use may not generalize to other young adults without sleep concerns and/or heavy-drinking profiles. Drinking data were based on participants' self-reports of alcohol use, which have been validated in this population. Nevertheless, as new alcohol biosensor technology becomes available, it will be important to incorporate more objective assessments of alcohol use to further clarify these reciprocal associations. Sleep and drinking behaviors were only monitored for 1 week, which may have limited the sampling of some sleep and drinking behaviors among participants and the power to test potential interactions between person-level effects and the weekend/weekday contrast code to examine whether sleep-drinking associations differed for weekends versus weekdays. Additional research is needed to understand how reciprocal variations in sleep and alcohol use change over time. Analyses predicting heavy drinking as a binary outcome may have been underpowered. Likewise, the sample size may have limited the ability to detect significant between-person level effects as well as between-person potential moderators of within-person level effects. The highsensitivity setting used for actigraphy scoring offers improved sensitivity to detect sleep but at the potential expense of specificity and therefore may be less accurate in detecting wake and some sleep variables (i.e., sleep duration, number of minutes awake; Kushida et al., 2001 ). In addition, given that the co-use of caffeine and alcohol is associated with greater alcohol use and problems (Tucker, Troxel, Ewing, & D'Amico, 2016) and that specific doses of caffeine have negative effects on sleep including a delay in circadian timing (Burke et al., 2015) , a detailed assessment of caffeine (i.e., brand, category, preparation, timing of caffeine use relative to drinking; Mitchell, Hockenberry, Teplansky, & Hartman, 2015) should be conducted in future studies so that caffeine can be tested as a relevant covariate in this sleep-alcohol association. Though the study cannot determine causal relations, the study examined time-lagged effects of sleep on subsequent alcohol use and time-lagged effects of alcohol use on subsequent sleep indices in this population. Further, these findings are suggestive of an approach to unpacking sleep-drinking associations and set up a number of promising future directions for research that addresses the problem of drinking and heavy drinking among young adults.
This study represents the first to our knowledge to test the bidirectional, dynamic variations among objective and subjective sleep characteristics and alcohol use within and between heavydrinking young adults in their natural environment. In young adults who report heavy alcohol consumption and are at risk for AUDs, heavier drinking delayed sleep timing. Additionally, shortened sleep but the perception of good sleep quality predicted greater drinking. These findings suggest potential risk pathways for developing an AUD and/or chronic sleep problems among young adults and warrant further investigation.
